Abstract -The effect of liquid paraffin and diesel oil as nutrient amendments for hydrocarbon-degrading bacteria was compared. Different parameters were analyzed -optical density of bacterial suspension, oxygen consumption by biomass, morphology of bacteria, etc. In some experiments the paraffin was more preferable for microorganisms, but in other tests the results for both substances were similar. The influence of the comparable substances strongly depends on cultivation conditions.
I. INTRODUCTION
The increasing use of oil, which is observed during the last few decades, increases the frequency of ecological accidents linked to oil leakage. So, it is necessary to apply effective, cheap and non-dangerous restoration method for oilcontaminated environment. Addition of microbial biomass with a high degradation potential to the polluted site could notably increase the efficiency of a clean-up process. In this respect, cultivation conditions for biomass production in terms of its physiological state are of great importance for further successful application on the hydrocarbon-contaminated site.
Microbial growth is known to be influenced by nutrient composition, oxygen supply, temperature, pH, period of cultivation [1] . Besides, addition of hydrocarbons to the cultivation medium provides supplementary selective pressure, thus, adapting the biomass for further hydrocarbondegrading activity [2] , [3] .
The choice of hydrocarbons as a selective amendment for the cultivation medium is dependent on species of microorganisms, cultivation conditions and specificity of the contaminated site. Degradation of alkanes is a widespread phenomenon for both prokaryotic and eukaryotic microorganisms, which use these substrates as a source of carbon and energy [4] . Nevertheless, the preference of alkanes by microorganisms was found to be species-specific, as well as dependent on the chain length. In particular, for Acinetobacter sp. culture the long-chain alkanes (tridecane, pentadecane, and hexadecane) were the most preferable among aliphatic hydrocarbons [5] . In the study with Rhodococcus opacus the degradation rate of hydrocarbons was also correlated with the length of the aliphatic chain [6] .
Reference [7] shows a positive role of waste cooking oil added to medium on heavy crude oil biodegradation by Pseudomonas sp. Addition of waste cooking oil influenced the growth kinetics of Pseudomonas sp., rhamnolipid concentration, emulsification efficiency, surface tension, etc., thus, indicating significant changes in the physiological activity of bacterial culture [7] .
Complex metabolic response profiles of Rhodococcus erythropolis PR4 cells grown on hexadecane, diesel oil and acetate were recently presented in the reference [8] . The expression of two genes coding alkane-1-monooxygenase enzymes was highly upregulated in the presence of hydrocarbon substrates. The transcription of eight phylogenetically diverse cytochrome P450 (cyp) genes was upregulated in the presence of diesel oil [8] . Utilization of external alkanes for fatty acid synthesis, the transcription of genes involved in siderophore synthesis, iron transport and exopolysaccharide biosynthesis were found to play an important role in hydrocarbon metabolism [8] .
Therefore, addition of hydrocarbons to the growth medium might serve as a tool for directed evolution in order to enhance the degrading potential of microorganisms [3] .
Paraffin and diesel oil inherently are mixtures of different substances. Liquid paraffin contains saturated linear hydrocarbons (alkanes; CnH2n+2) which are mainly composed of 10-15 carbon atoms. Substances in diesel oil are much more diverse. Diesel oil contains hydrocarbons from various groups -saturated (alkanes, cycloalkanes), unsaturated nonaromatic (alkenes, alkadienes, alkynes) hydrocarbons and arenes. Hydrocarbons with branched and unbranched chains are found in diesel oil. Also, there are insignificant amounts of other organic compounds and inorganic substances in diesel oil. Hence, the impact of paraffin and diesel oil on microbial metabolism in case of their addition to cultivation medium is not obvious and predictable due to the complex composition of these amendments.
This paper presents the comparison of influence of liquid paraffin (hereinafter paraffin) and diesel oil on hydrocarbondegrading bacterial consortium in various cultivation media. Optical density of the bacterial suspension, oxygen consumption by biomass, morphology and viability of bacterial cells served as evaluation criteria.
II. MATERIALS AND METHODS

A. Bacterial Consortium
The bacterial consortium with hydrocarbon-degrading activity containing five Stenotrophomonas maltophilia strains and three Pseudomonas spp. was used in this study [9] . Cultures were grown separately on tryptone glucose yeast extract agar (TGE; Sifin, Germany) for 24 h at 37 C. Afterwards cells were suspended in distilled sterile water and justified by optical density (OD620). Consortium was prepared from identical volumes of suspensions of pure cultures with equal OD620. The number of colony forming units (CFU) in the consortium was 8.010
13 CFUmL −1
.
B. OD620 Measurements in Microplate Wells
Effect of hydrocarbons on the growth of bacterial consortium was evaluated in the Bushnell-Haas (BH) medium with different supplements. The BH medium (ingredients: MgSO4 -0. 9 CFUmL −1 ) was inoculated to each well, except to the wells for medium sterility control. Cultivation was performed at 37 °C for 70 h with periodical shaking. To prevent liquid evaporation the microplate was placed in a plastic bag with wet pieces of cotton. The OD620 of culture was measured by Infinite® F50 (Tecan, Switzerland) device.
Serial decimal dilutions of content of microwells were made (up to 1.010 −5 degree) to determine the number of CFU after 70 h incubation. Diluted suspensions were transferred to Petri dishes on TGE and incubated at 37 °C for 48 h.
C. Light and Fluorescence Microscopy
For light and fluorescence microscopy the bacterial culture from microwells after 70 h incubation was centrifuged at 10000 rpm for 5 min on Microfuge E (Beckman, Great Britain), after that the pellet was rinsed with distilled sterile water, resuspended and centrifuged again under the same conditions. Cell morphology was compared using the light microscope Motic® (PRC) at 1000× magnification with 1 % methylene blue.
For fluorescence microscopy cells were stained by L7007 LIVE/DEAD® BacLight™ bacterial viability kit (Invitrogen, USA) and observed under a fluorescence microscope (Leica DM 2000, Germany). After staining bacteria with intact cell membranes stain fluorescent green, whereas bacteria with damaged membranes stain fluorescent red.
D. Swarming Motility
An ability of paraffin and diesel oil to cause a positive chemotaxis of bacterial consortium was evaluated in semiliquid BH medium with 0.3 % agar (Fluka Analytical, Germany). 5 μL of bacteria culture (7.010 7 CFUmL −1 ) were injected by using pipette tip in the centre of Petri dishes (⌀ = 90 mm) with medium mentioned previously. 10 μL of additives were introduced in the medium, too (one Petri dish contained two additives which were situated in front of each other). The distance between bacteria suspension and additive in the semi-liquid medium was 2 cm. A variety of substances such as paraffin, diesel oil, 10 % yeast extract and 30 % molasses were used in this experiment. Different combinations of additives were tested in each Petri dish. Inoculated dishes were incubated for 96 h at 37 °C and the presence of chemotaxis was analyzed.
E. Biological Oxygen Demand
Oxygen consumption by consortium bacteria was measured using OxiTop® OC100 inductive stirring system (WTW Measurement Systems, Germany). The system registers decrease of air pressure in the containers and calculates oxygen consumption of microorganisms. Three series of experiments with OxiTop® containers (bottles) were performed. All bottles in all three series contained BH medium as a base and the total volume of liquid in one bottle was 100 mL. Each filled container was hermetically closed with stopper and incubated for 60 h at 20 °C temperature. Magnetic stirrer ensured permanent mixing of bottle content. Directly under stopper containers had reservoirs with sodium hydroxide (NaOH) pellets for sorption of carbon dioxide (CO2). In series I, the following media with microorganisms were prepared -BH with 3 vol% paraffin, BH with 3 vol% diesel oil, BH with 0.5 vol% MOL and 0.1 vol% YE. Uninoculated BH media with 3 vol% paraffin or 3 vol% diesel oil (both -sterility control) and inoculated BH medium without any supplements were used as controls. All media (except sterility controls) were inoculated with 30 L bacterial suspension (8.010
13 CFUmL −1 ). No decrease of oxygen concentration was observed in control bottles during incubation.
In series II the same media as in series I were prepared (except controls), but for inoculation 2 mL of bacterial culture from series I containers (after 60 h incubation) was used.
BH medium was mixed with 3 g of contaminated soil (soil contained fuel oil in a 4020 ± 990 mgkg −1 concentration) for the experiment of series III. 2 mL of bacteria suspension from series II bottles was used for inoculation. BH medium with 3 g of contaminated soil but without consortium was prepared as control.
F. Statistical Analysis
Each experiment was performed in triplicate (n = 3). The data presented in the figures were expressed as mean value ± standard deviation. Differences between the treatments were assessed by the Student's t test and one-way analysis of variance (ANOVA).
III. RESULTS
A. OD620 Measurements in Microplate Wells
Growth of bacterial consortium in the BH medium with different amendments was evaluated by the OD620 of culture after 18 h and 70 h incubation (Fig. 1) . Paraffin was shown to increase the optical density of bacterial culture as compared to diesel oil, irrespectively of the presence of molasses and yeast extract. Differences of OD620 between diesel oil and paraffin in medium without amendments (BH) and in medium with YE (BH+YE) were significant, p < 0.05. The OD620 of culture after incubation in BH medium with MOL, YE and MOL+YE, but without paraffin or diesel oil was lower than the corresponding value of media with hydrocarbons. In case of molasses containing media (BH+MOL and BH+MOL+YE) any appreciable differences between influence of diesel oil and paraffin on bacteria growth were not observed. This could be explained by the degree of bioavailability of molasses. Molasses as an easily convertible carbon source, compared to diesel oil and paraffin hydrocarbons, are utilized by microorganisms first of all. The OD620 of bacterial culture incubated in the presence of silicone oil did not change during 70 h and corresponded to that in non-inoculated wells (data not shown). The data on optical density was supported by counting the number of CFU. Surprisingly, the CFU number in a diesel oil containing medium was found to be much larger than that in medium with paraffin, i.e., 1.010 8 CFUmL −1 and 5.910
7 CFUmL −1 , respectively. These results were not consistent with the data obtained after OD measurements (Fig. 1) .
A non linear dependence of OD on the cell concentration could be caused by the differences in size of cells.
To verify this hypothesis, a microscopy analysis of the tested bacterial cultures was performed.
The use of a fluorescent microscopy with staining by a LIVE/DEAD® BacLight™ bacterial viability kit allowed to conclude that almost all bacteria (approximately 90 %) in the paraffin-amended BH medium were dead, whereas the percent of dead cells in a diesel oil-amended BH medium was up to 60 %. The explanation of these results could be that culture in BH with paraffin quickly went through all the growth phases, i.e., lag phase, log phase and stationary phase, and after 70 h incubation the bacterial culture entered the death phase. This is why the paraffin-amended medium had a comparatively high OD and a low CFU number.
Light microscopy showed the morphological differences of bacterial cells in dependence on the medium composition (Fig. 2) . In particular, the cells incubated in the paraffinamended BH medium were smaller than the cells in diesel oilamended and non-amended medium (Fig. 2) . The smaller size of bacterial cells could indicate higher proliferation rate. 
B. Swarming Motility
Swarming motility tests demonstrated that bacteria chemotaxis strongly depended on the substance injected in semi-liquid medium. As seen in Fig. 3 , paraffin was a more preferable additive for bacteria compared to MOL and YE. In Petri dishes with MOL/paraffin and with YE/paraffin bacteria moved towards paraffin, while cultures in control (without additives), MOL/MOL and YE/YE media remained concentrated in the centre of Petri dish. Under these conditions, paraffin and diesel oil showed almost identical ability to cause a positive chemotaxis of microorganisms. Fig. 3 . Photo of Petri dishes used in swarming motility tests. Period of incubation 96 h at 37 °C. Petri dishes contained a semi-liquid BH medium with 0.3 % agar. 5 L of bacteria culture (7.010 7 CFUmL −1 ) was injected in the centre of the dish and 10 L of additives were introduced in the medium at a distance of 2 cm from the centre. One Petri dish contained two additives which were situated in front of each other as shown on the photo. "Wt am" -without additives (control), "Mol" -30 % molasses, "YE" -10 % yeast extract, "D" -diesel oil, "P"-paraffin. Tests were made in triplicate (n = 3) and similar results in parallel Petri dishes were obtained.
C. Biological Oxygen Demand
Oxygen consumption by consortium bacteria in media with different supplements is presented in Fig. 4 and Fig. 5 . Biomass respiration studies in OxiTop® OC100 system showed that the best medium for culture growth is the medium containing 0.5 % molasses and 0.1 % yeast extract. Intensive respiration of bacterial culture in medium with MOL and YE was observed already after 10 h of incubation (lag phase was relatively short). Compounds of molasses and yeast extract can easily be involved in bacterial metabolic pathways and used as carbon sources and growth factors.
A comparatively high convertibility of the molasses and yeast extract by bacterial consortium is illustrated in Fig. 4 . Three serial incubations of bacteria, where the previous bacterial culture was inoculated to the next incubation, showed an evolution of metabolic activity in terms of culture adaptation to the tested conditions. Thus, in the sets with MOL+YE -amended medium after 24 h incubation an unadapted culture (series I) demonstrated a similar respiration intensity as an adapted culture from the series II, i.e., 400  28 mg O2L −1 and 392  48 mg O2L −1 , respectively. Moreover, inoculation of bacterial culture from the series II into BH medium with the crude oil-contaminated soil as the sole carbon source (series III) resulted in the similar respiration intensity (392  48 mg O2L −1 ), as it was shown for two previous incubations. The longer period of incubation showed considerable differences in respiration intensities among the three series. In particular, addition of crude oil to medium inhibited a bacterial respiration compared to the sets with BH medium amended by MOL and YE (Fig. 4 A) . Fig. 4 . Evolution of the biological oxygen demand by bacterial consortium during serial inoculations in the OxiTop® OC100 system (20 °C). Sugar beet molasses with yeast extract (A); paraffin (B) and diesel oil (C) were used as nutrient amendments to the BH medium. MI, MII -0.5 % molasses and 0.1 % yeast extract; PI, PII -3 vol% paraffin; DI, DII -3 vol% diesel oil. S -3 g soil in BH medium without consortium. MIII; PIII and DIII contained 95 mL BH medium, 3 g soil contaminated with crude oil and 2 mL inoculum from the series II with corresponding amendment. I, II, III -serial inoculations of bacterial consortium. Inoculum for the series I -30 L bacterial consortium with 8.010 13 CFUmL −1 , as described in Materials and Methods. Inoculation (2 mL) for the series II and III was made from the series I and II, respectively. Each variant was made in triplicate (n = 3). Error bars as in Fig. 1 . Biological oxygen consumption in media with paraffin and diesel oil was similar in case of the cultures in the series II and III. However, there was a notable difference between unadapted bacteria (series I) respiration in three medium compositions tested. Thus, the threshold of 100 mg O2L −1 was achieved by unadapted cultures in the medium with MOL+YE, diesel oil and paraffin after 11 h, 23 h and 38 h, respectively (Fig. 4) .
In case of diesel oil, the lag phase of unadapted microorganisms was 10 h longer than that of adapted culture (Fig. 4 C) . The effect of serial inoculations in the paraffinamended medium on respiration activity was higher (Fig. 4 B) .
Despite the fact of intensive bacteria growth in medium with MOL+YE, in the presence of contaminated soil the maximum value of oxygen consumption by consortium from the mentioned medium ( 628  28 mg O2L −1 ) was less than the analogous values in media with paraffin and diesel oil, i.e., 806  70 mg O2L −1 and 821  14 mg O2L −1 , respectively (Fig. 4 and Fig. 5 ).
As seen in Fig. 6 , the number of CFU at the 60 th incubation hour (exactly at that time the maximum respiration values in III series were observed) in the soil containing medium was similar to that in the variants, where bacterial consortium grew in the presence of MOL+YE and paraffin.
Respiration in the OxiTop® containers with contaminated soil without bacterial consortium was observed to be considerably delayed as compared to inoculated containers. The number of autochthonous microorganisms in soil was 1.
Nevertheless, bacterial consortium inoculated to the soil-containing BH medium demonstrated the higher activity towards crude oil, than autochthonous soil microorganisms. 
IV. DISCUSSION
Physiological response of bacteria to the presence of hydrocarbons in growth medium leads to the vast complex of changes in bacterial culture. Monitoring of culture growth in liquid medium by optical density can be failed due to formation of insoluble products, biosurfactants, etc. Besides, cell size is dependent on the nutrient availability and growth rate and, hence, there is no linear dependence of optical density and cell concentration over time [10] . So, optical density does not always serve as a reliable parameter to evaluate microbial growth in the presence of hydrocarbons. Nevertheless, measurement of optical density remains one of the most frequently used methods for routine monitoring of microbial growth.
At the beginning of the study a potential positive role of paraffin for growth of bacteria compared to diesel oil was revealed by a significant increase of culture OD620. This effect might be caused by the following reasons: i) an increased proliferation rate of the cells; ii) a larger cell size; iii) formation of insoluble products of metabolism. All these assumptions were tested in our study. The measurement of OD620 was accompanied by determination of the CFU number. Besides, the use of light and fluorescence microscopy allowed to compare the cell morphology and viability under different cultivation conditions. Interestingly, addition of either paraffin or diesel oil to the growth medium resulted in different physiological response of bacterial cells. Thus, in the presence of paraffin as a sole carbon source in the BH medium, the total number of cells was higher, cells were smaller in size, and cell viability in the 70 h culture was considerably lower compared to diesel oil-amended variants. All these results indicate the fact that paraffin stimulated the bacterial growth in a higher extent than diesel oil; however, the period of incubation was too long to test the culture in its active physiological stage. Conversely, the 70 h old bacterial culture grown in a diesel oil-amended medium still had more than 40 % of viable cells. Further testing of bacterial physiological conditions at the earliest growth stages could characterize the specific response of bacterial consortium to paraffin.
Microorganisms with hydrocarbon-degrading activity have a great biotechnological potential. Therefore, cultivation and biodegradation conditions for such metabolically versatile bacteria as Pseudomonas spp. and Stenotrophomonas maltophilia cluster can be optimized via manipulating their metabolic networks [2] , [3] , [11] , [12] . Directed evolution is considered to be one of the methodical approaches to obtain microbial biomass with target properties [3] .
Measurement of bacterial respiration activity in the serial cultivations in the OxiTop® device has revealed completely different bacterial activity towards paraffin and diesel oil biodegradation, as it was shown in the experiments in microplates (Fig. 1) . In particular, a directed evolution in case of the paraffin-amended medium considerably improved bacterial activity. It can be stated that only adapted bacteria can effectively degrade components of paraffin under tested conditions. So, if the environment is contaminated with linear hydrocarbons with medium chain length (main substances of paraffin) and bioremediation activities are planned, cultures need to be adapted before usage.
Addition of diesel oil to the BH medium stimulated a bacterial activity already at the first series of the experiment, i.e., without adaptation. So, in this experiment, comparison of paraffin and diesel oil in terms of their efficiency as nutritional amendment showed the advantage of the latter.
The results obtained in this study could be useful in production of efficient bacterial preparations for environment bioremediation after crude oil leakages.
V. CONCLUSION
Addition of 3 vol% paraffin as the sole carbon source to the BH medium resulted in the significantly (p < 0.05) higher OD620 of the bacterial culture, than in the sets with 3 vol% diesel oil.
Different preference of bacterial consortium to the carbon sources was revealed in the tests on swarming motility and during cultivation in liquid medium. Paraffin and diesel oil were preferred carbon sources for bacteria cultivated on a soft agar, while molasses and yeast extract showed to be more attractive for bacteria cultivated in a liquid medium.
Bacterial respiration studied in the OxiTop® device indicated that a directed evolution in case of the paraffin-amended medium considerably improved bacterial activity.
Maximal respiration value of adapted bacteria in the medium with contaminated soil was higher than the corresponding value of unadapted bacteria. It means that addition of paraffin and diesel oil into cultivation medium helps to adapt bacteria to environment contaminated with oil products.
